Signaling through the B-cell receptor (BCR) evokes multiple signaling pathways that are required for the development and maintenance of B cells. 1,2 BCR engagement results in increased tyrosine phosphorylation mediated by nonreceptor protein tyrosine kinases (PTKs) of the Src, Syk, and Tec families. 3 The tyrosine residues located within immunoreceptor tyrosine-based activation motifs (ITAMs) of the intracellular domains of Ig␣/Ig␤ are phosphorylated by Lyn, a Src family kinase, and/or Syk. 4 Then, activated PTKs phosphorylate several substrates including coreceptors and cytoplasmic adaptor proteins such as BLNK and BCAP. [5] [6] [7] These adaptor and coreceptor proteins are thought to recruit effector enzymes, for instance phospholipase C␥2 (PLC␥2) and phosphoinositide 3-kinase (PI3K), by protein-protein and proteinlipid interactions, which in turn is essential for B-cell development and activation.
Introduction
Signaling through the B-cell receptor (BCR) evokes multiple signaling pathways that are required for the development and maintenance of B cells. 1,2 BCR engagement results in increased tyrosine phosphorylation mediated by nonreceptor protein tyrosine kinases (PTKs) of the Src, Syk, and Tec families. 3 The tyrosine residues located within immunoreceptor tyrosine-based activation motifs (ITAMs) of the intracellular domains of Ig␣/Ig␤ are phosphorylated by Lyn, a Src family kinase, and/or Syk. 4 Then, activated PTKs phosphorylate several substrates including coreceptors and cytoplasmic adaptor proteins such as BLNK and BCAP. [5] [6] [7] These adaptor and coreceptor proteins are thought to recruit effector enzymes, for instance phospholipase C␥2 (PLC␥2) and phosphoinositide 3-kinase (PI3K), by protein-protein and proteinlipid interactions, which in turn is essential for B-cell development and activation.
CD19 is a well-known coreceptor that positively modulates BCR signaling and is suggested to set a threshold of BCR signaling. 8 In fact, upon BCR stimulation, CD19 undergoes phosphorylation on multiple tyrosine residues and recruits several signaling molecules that further augment transmembrane signaling. [9] [10] [11] [12] [13] [14] Among these multiple tyrosine phosphorylation sites, the importance of 2 YXXM motifs in the CD19 cytoplasmic region, recruitment sites to the p85␣ of phosphoinositide 3-kinase (PI3K), has been validated by experiments using transgenic mice. 12 However, given that B-cell developmental defects in p85␣ Ϫ/Ϫ mice are more severe than those in CD19 Ϫ/Ϫ mice, [15] [16] [17] [18] this CD19-dependent activation mechanism seems not to fully account for the activation mode of PI3K in B cells. Indeed, the BCR-mediated Akt activation was inhibited in CD19-deficient B cells, but not completely ablated. 19 Together, these observations suggest that other signaling molecule(s) could partially neutralize the defective PI3K activation in the absence of CD19. In this regard, BCAP could be a potential candidate. 20 BCAP, an adaptor molecule highly expressed in B cells, possesses binding ability to the p85␣ through its 4 YXXM motifs. 20 Indeed, BCAP underwent tyrosine phosphorylation after BCR stimulation, thereby recruiting the p85␣ of PI3K. However, B cells from BCAP-deficient mice exhibited apparently normal Akt activation, suggesting again that other molecule(s), presumably CD19, could rescue the BCAP function, particularly in the BCAP single-knockout mice. 21 Here, by using CD19/BCAP doubleknockout mice, we show that BCAP and CD19 have overlapping functions in BCR-mediated PI3K activation, thereby contributing to generation of immature and mature B cells.
B cells was purified from a culture supernatant of the hybridoma HM79. 22 Anti-BCAP and anti-CD19 Abs used for Western blotting were produced as described previously. 20 Anti-phospho-serine 473 and -threonine 308 Akt Abs were purchased from Cell Signaling Technology (Danvers, MA). Recombinant murine IL-7, stem cell factor (SCF), and Flk2/Flt3 ligand (FL) were purchased from R&D Systems (Minneapolis, MN).
Purification of bone marrow B cells and culture
Bone marrow cells were stained with a mixture of biotin-anti-Mac-1, biotin-anti-F4/80, biotin-anti-Gr1, biotin-anti-TER119, biotin-anti-IgD, and biotin-anti-CD3 mAbs. Labeled cells were incubated with magnetic beads coupled with streptavidin followed by the depletion of labeled cells using AutoMACS (Miltenyi Biotec, Bergisch Gladbach, Germany). In some experiments, recovered cells were labeled with Cy5.5PerCP-antiIgM, FITC-anti-B220, and PE-anti-CD43 mAbs and sorted for B220 ϩ CD43 ϩ IgM Ϫ cells for purifying pro-B cells. Cells were cultured in IMDM supplemented with 10% FCS, nonessential amino acids (100 M), sodium pyruvate (2 mM), 2-ME (50 M), antibiotics, and 20 ng/mL murine recombinant IL-7 or 10% culture supernatant of J558L transfected with murine IL-7 cDNA.
Purification of splenic AA4.1 ؉ B cells
Splenocytes were prepared from wild-type and BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice and stained with PE-anti-AA4.1 mAb. The cells were sequentially labeled with biotin-anti-PE mAb and streptavidin-magnetic beads followed by positive selection using AutoMACS. The cells were then stained with FITC-anti-B220 mAb. AA4.1 ϩ B220 ϩ cells were sorted using FACSVantage (BD Bioscience).
Construction and infection of retrovirus vectors
The protocols for introducing mutations into cDNAs for CD19, BCAP, PDK1, and p85␣ were as described previously. 23 Wild-type and mutant forms of these cDNAs were cloned into pMx-ires-GFP and transfected to plat-E packaging cell lines using Fugene 6 (Roche, Indianapolis, IN). Two days after transfection, culture supernatant containing retrovirus was added to cultured B cells for infection as described previously. 24 Two days after infection, the cells were recovered and subjected to Western blotting analysis, or cultured for an additional 2 days without IL-7 to induce in vitro differentiation.
Transplantation of bone marrow cells
Bone marrow cells from BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice were depleted of Mac-1 ϩ , TER119 ϩ , B220 ϩ , CD3 ϩ , and Gr-1 ϩ cells by AutoMACS. Cells were cultured in DMEM containing 10% FCS, 100 ng/mL FL, and 20 ng/mL SCF for 2 days. Cells were infected with retrovirus vectors carrying cDNAs for BCAP, CD19, and their mutants. A retrovirus vector carrying no cDNA was also used for mock transfection. After the additional culture for 1 day, 4 ϫ 10 5 cells were injected intravenously to lethally irradiated (8.5 Gy) C57BL/6 mice via tail veins. Two months later, mice were killed and the spleens were recovered. Splenocytes were stained with anti-IgM and -IgD mAb and subjected to flow cytometric analysis.
Western blotting analysis
Western blotting was performed as described previously. 25 Cells were stimulated using 30 g/mL anti-Ig␤ mAb at 37°C. Cell lysates from 10 6 /lane were subjected to Western blotting.
Statistical analysis
In some experiments, the data for each study group were compared using Student t test, and P values were calculated.
Results

B-cell development in BCAP
Mice lacking both CD19 and BCAP were generated, and the B-cell populations of wild-type, BCAP Ϫ/Ϫ , CD19 Ϫ/Ϫ , or BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice were analyzed using multiparameter flow cytometry ( Figure 1A) . Splenic B-cell numbers were reduced to approximately 20% and approximately 35% in BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice compared with wild-type (P ϭ .002) or CD19 Ϫ/Ϫ controls (P ϭ .001), respectively ( Figure 1B ). T1/T2 immature B cells were still present in the double-deficient mice, but their numbers were reduced to approximately 40% compared with wild-type mice (P ϭ .009). CD19 Ϫ/Ϫ mice exhibited a similar reduction in T1/T2 immature B cells, like BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice. The proportions and numbers of T3 immature B cells and follicular mature B cells were drastically reduced ( Figure 1A ). Analysis of peritoneal cavity cells revealed that BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice lacked B1-a (CD5 ϩ B220 ϩ ) and B1-b/B-2 (CD5 Ϫ B220 ϩ ) cells. Thus, the combined loss of BCAP and CD19 drastically exacerbates the defects in B-cell development that result from the loss of either molecule alone.
The reduced number of peripheral mature B cells may suggest a defect in maturation that could also be manifested at early stages of B-cell development. In CD19 Ϫ/Ϫ or BCAP Ϫ/Ϫ mice, the proportions and numbers of pro-B cells in the bone marrow were not significantly perturbed. In contrast, BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice exhibited an accumulation of large pre-B (BP-1 ϩ CD25 ϩ ) cells accompanied by a reduction in small pre-B (BP-1 Ϫ CD25 ϩ ) cells ( Figure 1A , see B220 ϩ IgM Ϫ gated profiles). Immature (IgM ϩ B220 lo ) and recirculating (IgM ϩ B220 hi or CD43 Ϫ B220 hi ) B-cell numbers in the bone marrow in BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice were reduced to approximately 30% and approximately 40% (P ϭ .011 and P ϭ .038), respectively, compared with wild-type mice ( Figure 1B and data not shown). These observations demonstrate that, in the absence of CD19, BCAP is somehow required for transition from the large pre-B stage as well as for the development of immature B cells.
Defective Akt activation in CD19 ؊/؊ BCAP ؊/؊ B cells
To investigate the mechanism underlying the defects in B-cell development in BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice, we used the previously reported in vitro bone marrow culture system. [26] [27] [28] Bone marrow pro-B cells from BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice exhibited a greater proliferation capacity in response to IL-7, which is similarly observed in Btk Ϫ/Ϫ and BLNK Ϫ/Ϫ B-cell progenitors, 26 Figure 2B ). In CD19 Ϫ/Ϫ , as shown by a previous report, 28 or BCAP Ϫ/Ϫ bone marrow cells, the differentiation capacity to transitional B cells was somewhat inhibited in this experimental system, though not as severely as in the double-deficient cells. When we used sorted pro-B cells instead of the bone marrow progenitors as used in Figure 2B , essentially the same results were obtained ( Figure S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). These results demonstrate that the actions of BCAP and CD19 allow B cells in culture to advance toward a more differentiated state of maturation (IgM ϩ IgD ϩ ).
The following 2 lines of evidence prompted us to consider the possibility that BCR-mediated PI3K/Akt activation might be severely impaired in BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ bone marrow B cells, thereby rendering them incapable of differentiation. First, PI3K p85␣ Ϫ/Ϫ mice display similar B-cell developmental defects to those observed in BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice. 17, 18 Second, although BCRmediated Akt activation was not significantly affected in B cells from BCAP Ϫ/Ϫ mice, BCAP could be tyrosine phosphorylated at its PI3K-binding motifs (YXXM), and could recruit p85␣ after BCR stimulation in the B-cell line, DT40. 20, 21 As demonstrated in Figure  2C , anti-Ig␤ mAb stimulation on BCAP Ϫ/Ϫ or CD19 Ϫ/Ϫ bone marrow B cells induced similar or reduced level of Akt activation compared with wild-type cells. In contrast to other genotypes of mice, bone marrow B cells from BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice scarcely exhibited anti-Ig␤-induced Akt activation, though the cells exhibited similar levels of Akt activation in response to oxidative stress 30, 31 compared with other genotypes of mice ( Figure S2 ). Since expression of Ig␤ was comparable among the 4 types of B cells (Figure S3 ), defective Akt activation was not due to expression levels of Ig␤. As Ig␤ associates with both BCR and pre-BCR complexes and cultured bone marrow cells contained a small proportion of BCR ϩ cells, we performed similar experiments using sorted splenic AA4.1 ϩ B cells expressing the BCR, but not the pre-BCR. As demonstrated in Figure 2D , BCR-mediated Akt 
Requirement for PI3K p85␣-binding motifs of CD19 or BCAP in its differentiation capability
Having demonstrated the relationship between BCR-mediated Akt activation and differentiation capability, we asked whether YXXM motifs in BCAP and CD19 are critical for BCR-mediated Akt activation and differentiation capability. To do so, we constructed the YF mutants of CD19 and BCAP in which 2 (Y482 and Y513 of mouse CD19) and 4 (Y264, Y420, Y445, and Y460 of mouse BCAP) YXXMs were exchanged for FXXMs, and introduced these mutant molecules into BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ bone marrow cells via retrovirus vectors. As shown in Figure 3A , introduction of the wild-type form of CD19 or BCAP, but not their mutants, into BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ bone marrow cells restored BCR-mediated Akt activation. YXXM motifs in BCAP and CD19 indeed function to recruit p85␣ in this culture system because Flag-tagged wild-type BCAP and CD19 but not their mutants bind to p85␣ in a BCR-signaling-dependent manner. Even in the absence of BCR stimulation, wild-type BCAP and CD19, but not their mutants, bind to a significant amount of p85␣, and induce Akt activation ( Figure  3 , time point: 0 minutes). This observation may indicate that basal levels of phosphorylation at YXXM motifs of CD19 and BCAP may occur, at least to some extent, resulting in Akt activation without exogenously added stimulants. Correlated with Akt activation and p85␣-binding status, in vitro differentiation of BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ B cells was fully restored by introduction of the wild-type, but not the mutant, forms. When the wild-type form of CD19 or BCAP was introduced, more IgM ϩ IgD ϩ transitional B cells were generated compared with wild-type bone marrow B cells ( Figure 2B) ; this is probably attributable to overexpression of the introduced CD19 or BCAP.
We also examined if YXXMs on BCAP and CD19 are essential for in vivo generation of mature B cells. Bone marrow progenitors from BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice were purified and cultured in the presence SCF and FL. Wild-type or mutant forms of BCAP or CD19 were introduced into the bone marrow progenitor cells via retrovirus vectors. Cells infected with a retrovirus vector without cDNA were also prepared as mock transfectant. Lethally irradiated B6 mice were injected with infected cells and killed 2 months later for examining the reconstitution of the B-cell compartment in spleens. As shown in Figure 4 , wild-type but not the mutant of either CD19 or BCAP was able to support the generation of IgM lo IgD ϩ mature B cells in spleens, suggesting that YXXM motifs in BCAP and CD19 play a crucial role for mature B-cell generation. Together, YXXM motifs in BCAP and CD19 are clearly required for BCR-mediated Akt activation and generation of B cells in vitro as well as in vivo. The above data predict that defects in BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ B cells can be restored by manipulations that enhance PI3K/Akt signaling. To test this prediction, we constructed a deletion mutant of p85␣ (p65-PI3K) in which the C-terminal residues 571 to 724 were deleted, or mutant PDK1 in which alanine 280 was replaced by valine (PDK1 A280V). These mutants have previously been shown to enhance the PI3K-PDK1 signaling pathway constitutively. 32, 33 We introduced these mutants into BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ bone marrow cells and examined the in vitro differentiation potential of these cells. As shown in Figure 5 , introduction of the constitutively active mutants restored the development of IgD ϩ cells to some extent, but did not reach the proportion seen in wild-type cells demonstrated in Figure 2B . This suggests that the defects of development in BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ B cells could, at least partly, be accounted for by a decreased PI3K-PDK1 signal.
Discussion
BCR signaling, which is essential for the development of B cells, evokes various signaling pathways. In addition to adaptor molecules, coreceptors also regulate BCR signaling by recruiting effector signaling molecules for integrating multiple signaling pathways. Here, we demonstrated that BCR-mediated Akt activation necessitates actions of BCAP and CD19. Furthermore, the following 3 lines of evidence allow us to conclude that the defective BCR-mediated PI3K/Akt activation accounts, at least partly, for the phenotypes observed in BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice: (1) the similar developmental defect between BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ and p85␣ Ϫ/Ϫ mice; (2) requirement of YXXM motifs of BCAP and CD19 in BCR-mediated Akt activation as well as in B-cell generation; (3) in vitro restoration of the developmental defect in BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ B cells, although not complete, by an enhanced PI3K-PDK1 signal. One straightforward explanation for the reason why the restoration is not complete is that other signaling pathways, regulated by CD19 and/or BCAP, are necessary to generate B cells in addition to the PI3K pathway. Although we tried to perform in vivo bone marrow reconstitution experiments with retrovirus vectors carrying constitutively active PI3K and PDK1, donor-derived cells could not be efficiently generated under our experimental conditions, probably due to general adverse effects of these proteins. In addition . BCAP 4YF and CD19 2YF are mutants in which 4 and 2 YXXM motifs, respectively, were replaced by FXXM. For examining p85␣ association to CD19, BCAP, and their mutants, Flag-tagged cDNA was introduced via retrovirus vectors into CD19 Ϫ/Ϫ BCAP Ϫ/Ϫ cells. As a negative control, a retrovirus vector without cDNA (mock) was also used. Infected cells were cultured for an additional 2 days with IL-7. The recovered cells were stimulated with anti-Ig␤ and subjected to Western blotting analysis as described in Figure 2D . The recovered cells were further cultured for 2 days without IL-7 to induce differentiation and were subjected to flow cytometric analysis as described in Figure 2B B-cell development at the pre-B stage is somewhat perturbed in BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ mice; a significant increase was observed in the bone marrow large pre-B (BP-1 ϩ CD25 ϩ IgM Ϫ ) population. Moreover, as reported for Btk Ϫ/Ϫ , Syk Ϫ/Ϫ , and SLP65 Ϫ/Ϫ bone marrow cells in the IL-7 culture system, 34 BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ B cells manifest a hyperproliferative response in the presence of IL-7. In addition, like SLP65 Ϫ/Ϫ cells, we observed an increase in the population of pre-BCR ϩ cells in the bone marrow BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ B cells (data not shown). Since pre-BCR signaling is known to induce its own extinction during the pre-B-cell transition as well as to limit IL-7-mediated proliferation, 26 one of the simple explanations for our data is that pre-BCR signaling is compromised in BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ pre-B cells. Given the similarity between pre-BCR and BCR signaling, it is reasonable to suggest that pre-BCR-mediated PI3K activation, like BCR, necessitates combined actions of BCAP and CD19, which in turn, contributes to the transition to small pre-B cells.
In contrast to the apparently normal BCR-mediated Akt activation in BCAP Ϫ/Ϫ B cells, CD19 Ϫ/Ϫ B cells showed a partial block in Akt activation. In this regard, CD19 appears to play a more dominant role in BCR-mediated Akt activation, rather than BCAP, simply suggesting that BCAP functions as a backup molecule for recruitment of PI3K to the plasma membrane. Although our results demonstrate that BCAP together with CD19 participates in BCR-mediated PI3K/Akt activation, this molecule appears to have additional function(s). For instance, peripheral BCAP Ϫ/Ϫ B cells manifest severe survival defects, despite apparently normal Akt activation, suggesting that BCAP exerts a survival signal in a PI3K-independent manner. 21, 35 Given the recent evidence that several signaling pathways, for instance PKC␦ and IKK activation, are involved in B-cell survival, [36] [37] [38] it is tempting to speculate that BCAP uses an as-yet-unidentified molecule to exert its survival function through a PI3K-independent manner in B cells. This might be one mechanism explaining why an enhanced PI3K-PDK signal cannot completely restore the developmental defect in BCAP Ϫ/Ϫ CD19 Ϫ/Ϫ B cells. For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From
